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osting by EAbstract Poly 1-amino-9,10-anthraquinone (PAAQ) ﬁlms were prepared by the electropolymer-
ization of 1-amino-9,10-anthraquinone (AAQ) on platinum substrate from aqueous media, where
5.0 · 103 mol L1 AAQ and 6.0 mol L1 H2SO4 were used. The kinetics of the electropolymeriza-
tion process was investigated by determining the change of the charge consumed during the
polymerization process with time at different concentrations of both monomer and electrolyte.
The results have shown that the process follows ﬁrst order kinetics with respect to the monomer
concentration. The order of the reaction with respect to the aqueous solvent i.e. H2SO4 was found
to be negative. The polymer ﬁlms were successfully used as sensors for the electroanalytical deter-
mination of many hazardous compounds, e.g. phenols, and biologically important materials like
dopamine. The electroanalytical determination was based on the measurements of the oxidation
current peak of the material in the cyclic voltammetric measurements. The cyclic voltammograms
were recorded at a scan rate of 100 mV s1 and different analyte concentrations. A calibration
curve was constructed for each analyte, from which the determination of low concentrations of
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Electropolymerization is a good approach to prepare polymer-
modiﬁed electrodes by adjusting the electrochemical
parameters that control ﬁlm thickness, permeation and charge
transport characteristics. 1-amino-9,10-anthraquinone (AAQ)
was electropolymetized in non-aqueous medium (acetonitrile
containing LiClO4 as supporting electrolyte) by scanning the
potential between 0.5 and +1.8 V (vs. Ag/AgCl/3.0 M
KCl) [1], and in aqueous electrolyte (H2SO4) in the potential
range 0.0–1.3 V against the same reference [2]. The poly-
aminoanthraquinone ﬁlms (PAAQ) prepared in non-aqueous
solutions were found to be more stable in organic solvents than
in aqueous solutions. The PAAQ ﬁlms prepared in aqueous
electrolytes were found to be more stable in aqueous acidic
electrolytes and suffer from degradation in non-aqueous med-
ia. The presence of quinine units in the polymer chain suggests
promising application in rechargeable batteries, electronic dis-
play devices, electrocatalytic processes, biosensors and corro-
sion protection. The elegant integration of selectivity,
sensitivity and built-in transduction function in conducting
polymers makes them ideal candidates as sensitive layers in
chemical and biological sensors. Polymer-modiﬁed electrodes
have many advantages in the detection of analytes because
of high selectivity, sensitivity and homogeneity in electrochem-
ical deposition, strong adherence to the electrode surface and
chemical stability of the polymer ﬁlm [3,4].
Dopamine is an important neurotransmitter in the central
nervous system. Low level of dopamine is related to neurolog-
ical disorders such as Parkinson’s disease, schizophrenia and
to HIV infection [5,6]. In recent years, the determination of
dopamine is carried out using polymer-modiﬁed electrodes
[7–9]. Ascorbic acid is a vital vitamin in human diet and is very
popular for its antioxidant properties. It has been used for the
prevention and treatment of common cold, mental illness,
infertility, cancer and AIDS [10]. It is present in many biolog-
ical ﬂuids, juices, soft drinks, pharmaceutical formulations and
many analytical aspects related to ascorbic acid as analyte
have attracted a great deal of attention [11]. Electrodes modi-
ﬁed with conducting polymers have been used for the determi-
nation of the ascorbic acid. Such electrodes are easy to prepare
with the desirable ﬁlm thickness and are stable enough to be
used as electroanalytical sensor [8,9,12].
Phenolic compounds are a class of polluting chemicals
which when absorbed through the skin and mucous mem-
branes can cause damage to the lungs, liver, kidney and genitor
urinary tract in living bodies [13]. They are widely used in
wood preservatives, textiles, herbicides and pesticides, and re-
leased into the ground and surface water. The identiﬁcation
and quantiﬁcation of these compounds represent an important
issue in environmental monitoring. Hydroquinone (HQ) and
catechol (CC) are two phenolic compounds, which present as
contaminants in medical, food and environmental matrices.
Different methods have been established for their determina-
tion, including liquid chromatography [14], synchronous
ﬂuorescence [15], chemiluminescence [16], spectrophotometry[17], gas chromatography/mass spectrometry [18] and pH
based-ﬂow injection analysis [19]. Some of these methods are
time-consuming and of low sensitivity with complicated
pretreatments and also expensive. Electrochemical methods
provide an easy and fast alternative for the analysis of such
materials [20,21].
In the ﬁeld of electropolymerization two subjects seem to be
of great importance. The ﬁrst is the study of the electropoly-
merization kinetics [8–13], which provides information about
the nature of the reactions taking place at the electrode surface
and the chemical structure of the polymer ﬁlm beside the ways
to improve its physical properties. The second is the potential
use of these modiﬁed electrodes as sensors for qualitative and
quantitative analyses of hazardous and biologically active
compounds [7–10,13,22]. In this paper we are reporting on
the kinetics of electropolymerization of AAQ from aqueous
electrolytes. It is also aimed at the use of the prepared PAAQ
ﬁlms as sensors for the quantitative determination of some
hazardous compounds like catechol and hydroquinone and
also some biologically important compounds like ascorbic acid
and dopamine. In this respect chronoamperometry and cyclic
voltammetry are mainly used.Experimental
AAQ (Merck) was used as monomer without further puriﬁca-
tion. Ascorbic acid, catechol, dopamine, hydroquinone, sulfu-
ric acid and other chemicals were analytical grade reagents and
the solutions were prepared using triply distilled water.
A standard three electrode all-glass cell was used as the
electrochemical cell. The working electrode is a platinum
rotating disk of a constant geometrical area of 0.071 cm2.
Gold and glassy carbon disks with the same area were also
investigated and no signiﬁcant difference was recorded. A sil-
ver/silver chloride (Ag/AgCl/3.0 mol L1 KCl) was used as
reference electrode and a platinum wire as the counter elec-
trode. Before each experiment the working electrode was pol-
ished mechanically with alumina powder down to 1.0 lm
diameter, washed with triply distilled water and then rubbed
against a smooth cloth. All electrochemical measurements
were carried out using the Zahn Elektrik electrochemical
work station (Kronach–Germany). The experiments were car-
ried out at room temperature (25 ± 1 C) and the potentials
were measured against and referred to the silver/silver chlo-
ride reference electrode (E= 0.2225 V vs. nhe). To achieve
acceptable reproducibility, each experiment was carried out
at least three times. Details of experimental procedures are
as described elsewhere [2].Results and discussion
Kinetics of the electropolymerization process
The study of the reaction order with respect to the monomer
and the electrolyte in the electropolymerization process is an
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of reactions taking place at the electrode/electrolyte interface,
the chemical structure of the formed ﬁlm and the way to im-
prove its physical properties e.g. its electrical conductivity.
Assuming that the polymerization follows the following
equation:
Mþ E! P
whereM is the monomer, E is the electrolyte and P is the poly-
mer, then the kinetic equation can be formulated as:
Rp ¼ d½W=dt ¼ k½Ea½Mb ð1Þ
where Rp is the polymerization rate which represents the elec-
trogenerated polymer weight, W, per unit time, per cm2 of the
electrode surface, a and b are the reaction orders with respect
to the electrolyte and monomer, respectively, and k is the spe-
ciﬁc rate constant of the polymerization process.
Electropolymerization data provide kinetic parameters on
the assumption that only charge transfer reaction is taking
place at the electrode surface. From the synthesis of the I–t
transients the polymerization charge density (Q, mC cm2)
can be evaluated by the integration of the corresponding chro-
noamperograms, when the electrolyte or the monomer concen-
tration was varied [23–26]. If the electrogenerated polymer is
the only species produced, the charge consumed during the
electropolymerization process (Q) should be proportional to
the weight of the electrogenerated polymer, W, i.e.
Q ¼ kW ð2Þ
The charge consumed, the electrolyte concentration and the
monomer concentration can be correlated together by the fol-
lowing equation:
dQ=dt ¼ d½W=dt ¼ Rp ¼ ½Ea½Mb ð3Þ
or expressed in logarithmic form as
log dQ=dt ¼ log kþ a log½E þ b log½M ð4Þ
For the electropolymerization of AAQ in aqueous solu-
tions, the kinetic equation can be represented by:t, 
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Fig. 1a Polymerization charge vs. time as a function of AAQ conce
[AAQ] linear relation.Rp ¼ k½AAQa½H2SO4 aqb
AAQ and sulfuric acid concentrations were varied keeping
one of them constant to evaluate their respective reaction or-
ders. The AAQ concentration was varied from 3.5 to
5.0 · 103 mol L1 at a constant 6.0 mol L1 H2SO4 concen-
tration. Then, the H2SO4 concentration was varied from 5.5
to 6.5 mol L1 at a constant AAQ concentration of 5.0 · 10
3 mol L1. The applied potential was +1.1 V and the poly-
merization time was varied between 2 and 780 s.
Fig. 1a presents the polymerization charge versus time plots
corresponding to the PAAQ formation from a constant
6.0 mol L1 H2SO4 concentration and varying AAQ monomer
concentrations. The log dQ/dt versus log [AAQ] relation is pre-
sented as insert in this ﬁgure. The slope of the linear relation
was found to be 1.01 which means that the polymerization
reaction is ﬁrst order with respect to AAQ. Fig. 1b shows
the effect of the change of H2SO4 concentration on the poly-
merization charge at a constant concentration AAQ. The plot
of log dQ/dt against log [H2SO4] is presented as insert in this
ﬁgure. The linear relation has a negative slope of 0.66. Such
a negative order implies that sulfuric acid inhibits the polymer-
ization reaction [27–29]. Such inhibition of the polymerization
process has reﬂected itself on the activity of the formed poly-
mer ﬁlm. The kinetic equation of the polymerization process
is therefore,
Rp ¼ k½AAQ1:01½H2SO4 aq0:66Electroanalytical applications
The cyclic voltammograms of the electrochemical oxidation
of 1.0 · 102 mol L1 ascorbic acid in a background solution
of 0.1 mol L1 sodium citrate/0.1 mol L1 NaH2PO4 and
dopamine in 0.1 mol L1 H2SO4 on both the bare Pt
electrode and the PAAQ modiﬁed electrode prepared from
aqueous media in the potential range +0.3 to +0.9 V are
presented in Figs. 2 and 3, respectively. It is clear that the
modiﬁed electrode has remarkable response to the oxidationsec
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Fig. 1b Polymerization charge vs. time as a function of H2SO4 concentration at 1.1 V and 25 C. The inset presents log dQ/dt vs. log
[H2SO4] linear relation.
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Fig. 2 Cyclic voltammograms of the electrochemical oxidation of 1.0 · 102 mol L1 ascorbic acid in a background solution of
0.1 mol L1 sodium citrate/0.1 mol L1 NaH2PO4 at pH 7 on both the bare Pt electrode and PAAQ modiﬁed electrode prepared from
aqueous medium in the potential range between +0.3 and +0.9 V at a scan rate of 100 mV s1 and 25 C. (insert) Calibration curve for
the electroanalytical determination of ascorbic acid on the PAAQ modiﬁed electrode prepared from aqueous media (the concentration was
varied between 1.0 · 105 and 1.0 · 102 mol L1 at pH 7 and 25 C.
264 S.S. Medany et al.of ascorbic acid and dopamine compared to the bare Pt
electrode. Deﬁnite anodic peaks with a peak current of
310.1 and 413.4 lA were recorded for ascorbic acid and
dopamine, respectively. Beside the decrease in the
overpotential of the oxidation process which is reﬂected in
a lower value of the peak potential, a large increase in the
peak current corresponding to the oxidation reaction wasrecorded. The electrode was found to be sensitive for the
change in the concentration of the analyte, and the anodic
peak current increases with the increase of the concentration
of the material. A linear relation was obtained on plotting the
value of anodic peak current as a function of the analyte
concentration, where the concentration was varied between
1.0 · 105 and 1.0 · 102 mol L1. This linear relation
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Fig. 4 Cyclic voltammograms of the electrochemical oxidation of 1.0 · 102 mol L1 catechol at pH = 1.0, adjusted by H2SO4
additions, on both the bare Pt electrode and PAAQ modiﬁed electrode prepared from aqueous medium in the potential range between
+0.3 and +0.9 V at a scan rate of 100 mV s1 at 25 C. (insert) Calibration curve for the electroanalytical determination of catechol on
the PAAQ modiﬁed electrode prepared from aqueous media (the concentration was varied between 1.0 · 105 and 1.0 · 102 mol L1 at
pH = 1.0, adjusted by H2SO4 additions, and 25 C.
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Fig. 3 Cyclic voltammograms of the electrochemical oxidation of 1.0 · 102 mol L1 dopamine at pH = 1.0, adjusted by H2SO4
additions, on both the bare Pt electrode and PAAQ modiﬁed electrode prepared from aqueous medium in the potential range between
+0.3 and +0.9 V at a scan rate of 100 mV s1 at 25 C. (insert) Calibration curve for the electroanalytical determination dopamine on the
PAAQ modiﬁed electrode prepared from aqueous media (the concentration was varied between 1.0 · 105 and 1.0 · 102 mol L1 at
pH = 1.0, adjusted by H2SO4 additions, and 25 C.
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Fig. 5 Cyclic voltammograms of the electrochemical oxidation of 1.0 · 102 mol L1 hydroquinone at pH= 1.0, adjusted by H2SO4
additions, on both the bare Pt electrode and PAAQ modiﬁed electrode prepared from aqueous medium in the potential range between
+0.3 and +0.9 V at a scan rate of 100 mV s1 and 25 C. (insert) Calibration curve for the electroanalytical determination hydroquinone
on the PAAQ modiﬁed electrode prepared from aqueous media (the concentration was varied between 1.0 · 105 and 1.0 · 102 mol L1
at pH = 1.0, adjusted by H2SO4 additions, and 25 C.
266 S.S. Medany et al.represents a calibration curve that can be used for the deter-
mination of unknown analyte concentration in the speciﬁed
concentration range. The calibration curves for ascorbic acid
and dopamine are presented as inserts in Figs. 2 and 3,
respectively.
The two phenolic compounds, catechol and hydroquinone,
are also detected and determined using the PAAQ modiﬁed
electrode. Typical cyclic voltammograms of the electrochem-
ical oxidation of 1.0 · 102 mol L1 catechol and hydroqui-
none on bare Pt and the PAAQ modiﬁed electrodes are
presented in Figs. 4 and 5, respectively. The values of the
oxidation peak currents and the peak potential of the four
different analytes on bare Pt and PAAQ modiﬁed electrode
are presented in Table 1. The calibration curves for the
determination of both catechol and hydroquinone in theTable 1 Oxidation potentials and anodic peak current values
for bare Pt and PAAQ modiﬁed electrode prepared in aqueous
media for 1.0 · 102 mol L1 of each of the tested compounds
dissolved in 0.1 mol L1 H2SO4 except for ascorbic acid in a
background of 0.1 mol L1 sodium citrate/0.1 mol L1
NaH2PO4, scan rate = 100 mV s
1, potential range between
+0.3 and +0.9 V vs. Ag/AgCl/Cl, at (25 ± 1) C.
Analyte Bare Pt electrode PAAQ modiﬁed electrode
Epa (V) Ipa (lA) Epa (V) Ipa (lA)
Ascorbic acid +0.774 160.1 +0.748 310.1
Catechol +0.748 292.8 +0.774 392.7
Dopamine +0.735 299.7 +0.826 413.4
Hydroquinone +0.644 368.6 +0.683 406.9concentration range 1.0 · 105 to 1.0 · 102 mol L1 are
constructed and presented as inserts in Figs. 4 and 5,
respectively.
The lower limits of detection (LOD) and lower limits of
quantization (LOQ) were calculated according to the following
equations [30]:
LOD ¼ 3 SD=slope
LOQ ¼ 10 SD=slope
where SD is the standard deviation obtained from at least four
different runs. The calculated values for each material at
PAAQ modiﬁed electrode prepared in aqueous medium are
presented in Table 2.Table 2 Regression data of the calibration lines for the
quantitative determination of ascorbic acid, catechol, dopa-
mine and hydroquinone at PAAQ prepared from aqueous
medium using cyclic voltammetry technique.
Analyte N RSD LOD (mol L1) LOQ (mol L1)
Ascorbic acid 4 5.2 · 103 4.88 · 108 1.6 · 107
Catechol 4 0.5 3.7 · 106 1.2 · 105
Dopamine 4 4 · 103 3.8 · 108 1.3 · 107
Hydroquinone 4 9.4 · 103 4.93 · 108 1.6 · 107
RSD= Relative SD, LOD= Lower limit of detection, LOQ
= Lower limit of quantization. The number of experiments
(N) = 4 and the regression factor (R) of the data is equal to 0.998.
The standard deviation (SD) = 5 · 104 except for catechol it is
equal to 0.048.
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Speciﬁcity
Catechol and hydroquinone can be determined speciﬁcally
with high sensitivity using PAAQ prepared from aqueous
medium. In this case, where other phenolic compounds inter-
fere during the determination, the difference in oxidation peak
potential height is used to differentiate between each analyte if
they found in the same sample.
Accuracy
The accuracy of the method for the determination of the
different compounds under investigation was performed by
the addition of standard concentration of each compound to
10 mL tap water and recording the oxidation peak current.
For example, 5.0 · 103 mol L1 catechol was added to
10 mL tap water then the current response was recorded using
the PAAQ modiﬁed electrode. The current recorded by PAAQ
modiﬁed electrode prepared from aqueous medium was found
to be 200 lA which corresponds to 4.98 · 103 mol L1 cate-
chol. The percent of error did not exceed 1%. The measure-
ments have indicated the accuracy of the method.
Precision and repeatability
Each determination for the four different compounds has been
carried out at least four times. The relative standard deviation
was found to be less than 1% indicating the high precision of
the method and the conﬁdence in its repeatability.
The detection limits obtained by the use of PAAQ modiﬁed
electrodes were compared with those obtained by other
methods, especially for the determination of dopamine. The
data are presented in Table 3, which shows clearly that the
PAAQ modiﬁed electrodes can detect concentrations down
to 108 mol L1, a range lower with an order of magnitude
than the other standard methods.
Robustness
The method was found to be fast where the preparation of the
modiﬁed electrode does not exceed 15 min. The method of
preparation is easy and does not require special pretreatments
or sophisticated designs. The process of determination of the
analyte is very fast and is taking place in less than 1 min.Table 3 The lower limit of detection (LOD) of the different
methods used for the determination of dopamine and the
references of these methods.
Analytical method LOD (mol L1)
Spectrophotometry [31] 1.6 · 107
Fluorimetry [32] 4.3 · 107
Capillary electrophoresis–Ultraviolet [33] 0.7 · 106
Capillary electrophoresis–mass spectroscopy [33] 1.2 · 106
Flow injection ﬂuorescence using photoinduced
electron transfer boronic acid derivatives [34]
3.7 · 106
Spectrophotometric determination using
microﬂuidic system based on polymeric
technology [35]
6.3 · 106
PAAQ modiﬁed electrode prepared from aqueous
medium
3.8 · 108The PAAQ modiﬁed electrode is stable and can be used several
times over two weeks. The current response recorded using the
previously prepared PAAQ modiﬁed electrode was always the
same within a range of ±0.01 lA.
Conclusions
PAAQ thin ﬁlms are prepared conveniently and reproducibly
by the electropolymerization of AAQ on Pt substrates from
aqueous medium. The process is fast and economic. The
electropolymerization reaction was found to be ﬁrst order with
respect to the monomer concentration. H2SO4 had a negative
order of 0.66 but it is essential for the dissolution of the
monomer. The PAAQ ﬁlms are stable and show good perfor-
mance as electroanalytical sensors for the quantitative determi-
nation of ascorbic acid, catechol, dopamine and hydroquinone.Acknowledgments
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